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ABSTRACT
We produce synthetic spectra and observations for metal-free stellar populations
and high mass X-ray binaries in the Renaissance Simulations at a redshift of 15. We
extend our methodology from the first paper in the series by modelling the production
and extinction of emission lines throughout a dusty and metal-enriched interstellar and
circum-galactic media extracted from the simulation, using a Monte Carlo calculation.
To capture the impact of high-energy photons, we include all frequencies from hard
X-ray to far infrared with enough frequency resolution to discern line emission and ab-
sorption profiles. The most common lines in our sample in order of their rate of occur-
rence are Lyα, the C IV λλ1548, 1551 doublet, H-α, and the Ca II λλλ8498, 8542, 8662
triplet. The best scenario for a direct observation of a metal-free stellar population is
a merger between two Population III galaxies. In mergers between metal-enriched and
metal-free stellar populations, some characteristics may be inferred indirectly. Single
Population III galaxies are too dim to be observed photometrically at z = 15. Lyα
emission is discernible by JWST as an increase in J200w − J277w colour off the intrinsic
stellar tracks. Observations of metal-free stars will be difficult, though not impossible,
with the next generation of space telescopes.
Key words: (cosmology:) dark ages,reionization,first stars–techniques: spectroscopy–
photometric–methods: radiative transfer–numerical–observational
1 INTRODUCTION AND BACKGROUND
The advent of large and high-resolution cosmological simu-
lations such as the Renaissance Simulations (O’Shea et al.
2015; Xu et al. 2016b) provide an opportunity to glean ob-
servables from theoretical and numerically-deduced phenom-
ena. However because radiative transfer is computationally
expensive inside a full simulation, post-processing is usu-
ally required to better extrapolate the fine features of the
spectral energy distribution related emission lines and dust
extinction.
Therefore the contemporary frontier of synthetic spec-
trometry and photometry lies in the sophistication and phys-
ical accuracy of post-processing techniques. As the second
? e-mail: kssbarrow@gmail.com
paper in the series chronicling the methodological develop-
ment of the Caius pipeline, this work seeks to invest more
computational power in the modelling of absorption, scat-
tering, and emission of photons and explores the impact of
high-energy photons from sources unique to the early uni-
verse.
1.1 Population III stars and X-ray Binaries
Prior to the formation of the first generation of stars,
the primordial medium was essentially metal-free. The lack
of metal cooling theoretically increases the Jeans mass of
molecular cloud and allows for the possibility for the forma-
tion of more massive stars than the observed initial mass
function (IMF) of stars in the local universe. However the
primordial IMF is limited at the upper range by the effect of
c© 2017 The Authors
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radiation pressure, the nature of the protostar, the effective
sound speed, and the propensity of the medium to clump
(see reviews by McKee & Ostriker 2007; Greif 2015). These
early “Population III” stars were luminous and hot for their
masses and thus contributed to the ionization and heating
of the surrounding medium.
Massive Population III stars are likely to end in neutron
stars and black holes after a short mass-dependent lifespan
(Schaerer 2002). When part of binary systems, compact rem-
nants may thereupon accrete material from a longer-lived
stellar partner, converting potential energy into high-energy
photons in their accretion disks. In this scenario, termed
an X-ray binary, the flux of X-rays and UV photons ionize
metals in the interstellar medium (ISM) to multiply-ionized
states like C IV. Indeed, C IV lines have been confirmed in
the spectrum of analogous low-redshift systems of low mass
(M? < Mbh) X-ray binaries (e.g. Dieball et al. 2005), and
high mass X-ray binaries (HMXB; e.g. Iping et al. 2007).
1.2 Emission Lines
While there has been progress on the modelling of emission
lines and dust (Zackrisson et al. 2013; Cen & Kimm 2014;
Wilkins et al. 2016; Barrow et al. 2017), the work of solving
photoionization is usually left to routines or analysis run on
isolated scenarios rather than within a cosmological context.
This work endeavours to simulate photochemistry as part of
an extinction and emission routine that appreciates a fully
three-dimensional arrangement of dust, gas, and stars. In
Sec. 2, we propose a methodology for generating and propa-
gating the intrinsic spectrum of metal-enriched stars, metal-
free Population III stars, and HMXBs through gas and dust
to produce resultant galactic continuum and emission lines.
In Sec. 3, diagnostics of observables from our treatment are
presented including emission line strengths and photometry
for the forthcoming James Webb Space Telescope (JWST).
Finally, the observational and physical implications of our
results are discussed in Sec. 4 and summarized in Sec. 5.
2 METHODS
We use the “rare-peak” zoom-in region of the Renaissance
Simulations (O’Shea et al. 2015; Xu et al. 2016b), which
are performed using the hydrodynamic adaptive-mesh re-
finement (AMR) code enzo with radiative transfer (Wise
& Abel 2011) and focus on the first generations of stars
and galaxies early in the Epoch of Reionization. The simu-
lations are run using ΩM = 0.266, ΩΛ = 0.734, Ωb = 0.0449,
h = 0.71, σ8 = 0.8344, and n = 0.9624 from the 7-year
Wilkinson Microwave Anisotropy Probe results (WMAP; Lar-
son et al. 2011), achieving an effective dark matter resolu-
tion of 2.9 × 104 M at z = 15 and a spatial resolution of
19 comoving parsecs. We identified 1654 galaxies containing
stellar clusters within the “rare-peak” simulation at z = 15
using dark matter halo-finding code Rockstar (Behroozi
et al. 2013). Of these galaxies, we focus our analysis on 146
that contain metal-free stellar populations.
2.1 Stellar Spectra
We use the Flexible Stellar Population Synthesis code
(FSPS; Conroy & Gunn 2010) to generate source spectra
of metal-enriched stellar clusters from the age and metal-
licities of particles in the simulation. Both FSPS and the
simulation routines treat stellar clusters as probabilistic dis-
tributions of stars and treat luminosity as a linear function
of mass. We exploit this similarity to assign spectral energy
distributions (SEDs) to stellar cluster particles for radiative
transfer post-processing in a manner consistent with the as-
sumptions used to produce those particles. Using quantities
calculated in the simulation, we assign each particle a metal-
licity isochrome and allow FSPS to interpolate an SED based
on the particle’s age before weighting our result by the mass
of the cluster.
For metal-free stars, the Renaissance Simulations gener-
ate stellar particles corresponding to individual stars rather
than clusters in the simulation by randomly sampling the
distribution
f (log M)dM = M−x exp
[
−
(Mc
M
)β]
dM, (1)
when the appropriate environmental conditions are achieved
(Barrow et al. 2017). This form obeys the Salpeter (1955)
distribution above a characteristic mass, Mc, and has an ex-
ponential cut off at low mass (Chabrier 2003; Wise et al.
2012). We limit Population III star particle mass to the range
1 M to 300 M and use x = 1.3, β = 1.6, and Mc = 40 M.
Generally, the peak of the distribution is given by
Mpeak = Mc
(
β
x
)1/β
, (2)
which corresponds to ∼ 46 M in our simulation after ac-
counting for the mass cut-offs. As noted by Zackrisson et al.
(2011) in the description of the Yggdrasil metal-free stellar
SED calculator, the exact form of the initial mass function
(IMF) and therefore the spectra of Population III stars is
a matter of great uncertainty. Yggdrasil offers three pre-
scriptions with three different IMFs. The PopIII.1 tool as-
sumes a Schaerer (2002) power law with slope α = −2.35 and
stellar masses from 50 to 500 M and models the most an-
tecedent generation of stars prior to any radiative feedback
and binary formation. The PopIII.2 model assumes a log-
normal distribution with a characteristic mass of 10 M and
models an IMF that includes stars from 1 to 500 M assum-
ing primordial abundances but some impact from prior star
formation and radiative processes (O’Shea et al. 2008). The
third model assumes a metal-enriched IMF (Kroupa 2001)
with a piece-wise power law for different mass regimes.
For this work, we determined the PopIII.1 model to
be too top heavy for the lower end of our mass range and
the Kroupa model to be inconsistent with the goal of differ-
entiating metal-enriched and metal-free stellar populations
so we generate our SED using the PopIII.2 model for stars
smaller than 55 M and the PopIII.1 model for larger stars.
We generate and match SEDs to the age and mass of the
simulation star particles assuming an instantaneous burst.
Since we treat the effect of extinction separately in our cal-
culations, we do not include a covering fraction to produce
the SED. We note that there are some discrepancies between
MNRAS 000, 1–19 (2017)
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Figure 1. Top Row: Total extinction profiles for gas and metal emission lines and a gas absorption continuum as a function of wavelength
and temperature. Bottom Row: Corresponding emission profiles assuming thermodynamic equilibrium.
flux of ionizing radiation modelled in the simulation and the
flux calculated from Yggdrasil due to our practice of using
an average IMF to model individual stars in post-processing.
We expect this to manifest as inconsistencies between the
flux of ionizing radiation from the metal-free SEDs and the
size of ionized regions in the simulation so we hereafter give
priority to the values of electron fraction and temperature
from the simulation in our radiative transfer analysis.
2.2 Emission Line Extinction
The antecedent treatment of emission lines from Barrow
et al. (2017) used the photo-ionization solver Cloudy (Fer-
land et al. 2013) to determine emission line strength in
simulation AMR cells containing stellar populations. Line
emissions were therefore limited to a small fraction of the
interstellar medium (ISM) and almost none of the circum-
galacitic medium (CGM). A separate Monte Carlo gas and
dust extinction calculation of the continuum using Hype-
rion (Robitaille 2011) was used to attenuate the lines in
conjunction with an empirical correction from Park et al.
(2015). In this work, we more thoroughly examine the use
of Cloudy and Hyperion as tools for emission line extinc-
tion and line transfers in arbitrary stellar, dust, and gas ar-
rangements while eschewing the use of empirical attenuation
models.
In a similar manner to our prior method, we use gas
densities and metallicities from the cosmological simulation
MNRAS 000, 1–19 (2017)
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Figure 2. Isothermal cross-sections of extinction profiles. Left: Mass extinction coefficient for hydrogen and helium continuum and lines.
Right: Mass extinction coefficient for metal lines with a hydrogen and helium continuum. Both plots are normalized by their maximum
value in Fig. 1 and are plotted with thin, medium, and thick lines for gas of temperatures 104,105, and 106 respectively.
and stellar spectra to stage a Cloudy calculation for AMR
cells containing interior stellar populations. For cells with
more than one stellar particle, which may include combina-
tions of metal-enriched clusters and metal-free stars, spectra
are summed into a single source for the calculation. In the
simulation, stellar particles are formed within a single cell by
design, but may move between cells after their formation. As
a result, the highest refinement level within a halo usually
contains one, or at most, a few stellar particles. However, the
cells contain too little medium to calculate the photochem-
istry in the ISM after the tenth level of refinement. Therefore
we attempt to balance this with our desire to limit the use
of particle SED summing by allowing up to the ninth level
of the simulation AMR grid. We run Cloudy until the elec-
tron fraction matches the value from the corresponding cell
rather than allow the calculation to come to a thermal equi-
librium and apply Doppler broadening to the lines by using
the temperature of the cell and the mass of the emitting
molecule. We take enough samples of the spectra to produce
a discernible Gaussian distribution of most lines, which in-
creases the computational load of our pipeline considerably
when compared to our prior investigation. The line profiles
are then redistributed back to the intrinsic spectra of each
particle proportionally to their fraction of the total luminos-
ity of the summed source. The result is usually a relatively
small addition to the spectra from diffuse emission, but we
include this calculation in our method to capture any unique
photochemical interactions in regions with high flux from a
local source.
In addition to the lines added to the intrinsic stellar
spectra, we model emission and absorption more generally
throughout the interstellar and circumstellar medium. To ac-
count for a chemically inhomogeneous interstellar medium,
we treat our halos as similarly inhomogeneous distributions
of metallicity by using the precise emission line wavelengths
and source molecule to segregate line opacities and emissions
generated by non-metals from those generated by metals.
We calculate extinction, albedo, and emission for 400 equally
log-spaced temperatures between 102.5 and 107 K using a flat
spectrum in thermodynamic equilibrium and constant den-
sity and metallicity. For simplicity, we assume solar abun-
dance patterns (Asplund et al. 2009) when the metallicity of
the gas exceeds 10−6 Z and turn off the presence of metals
entirely below that value. We note that, for example, car-
bon line absorption from high-redshift quasars demonstrate
a nearly constant carbon column density throughout reion-
ization (e.g. Simcoe 2006). This implies that early enrich-
ment biased away from the products of Type Ia supernovae
and that the relative contribution from elements like carbon
and silicon may be understated in this work.
Extinction of lines is calculated by generating a
high-resolution frequency-dependent line opacity map with
Cloudy for frequencies corresponding to emission lines and
adding the result to the absorption profile of the continuum.
As shown in Fig. 1, this allows us to create a profile for ex-
tinction that scales with metal density and one that scales
with non-metal density. Notably, the emission profiles show a
clear delineation between temperatures that represent ther-
mally ionized hydrogen and neutral species at around 4000 K
which corresponds roughly to 50% ionization of hydrogen ac-
cording to the Saha equation. Both the emission and extinc-
tion profiles include the bremsstrahlung effect. For the metal
profiles, we include the continuum extinction and emission
due to hydrogen and helium by necessity to ensure that each
photon has some extinction, but reason that this only ac-
counts for a negligible over-accounting of extinction by gas.
Fig. 2 shows how Gaussian broadening results in overlapping
absorption profiles for species at low wavelengths, allowing
metals to absorb X-ray emission efficiently. Additionally we
use a third profile for dust opacities using Draine (2003)
(Rv = 2.1) that we scale as a fraction of the metal density.
Gas, metal, and dust extinction and emission profiles
MNRAS 000, 1–19 (2017)
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are used to perform a radiative transfer calculation with
Hyperion by propagating 5 × 108 photons at 5 × 104 log-
spaced wavelengths from 10 to 50000 A˚(rest). These values
are chosen such that they have sufficient resolution to cap-
ture line profiles of up to third period elements and calcu-
late rest-frame radiative interactions from infrared through
X-ray photon energies. While final emission profiles inter-
polate all values in the temperature range, we are forced
to average extinction profiles into ten bands for the Monte
Carlo algorithm. As shown in Fig. 1, extinction for individual
species usually extends across a broad range of temperatures
and since the medium within each cell would likely exhibit
a range of temperatures at higher resolution, our use of av-
eraged bands is still representative of the physical analogues
to our simulations without losing too many features in the
profile. Compared to the antecedent method, the inclusion
of opacities and emission profiles allows for the treatment
of line transfer of photons from external sources, anisotropic
absorption and emission lines, and calculation for emission
line strength from H II regions larger than the size of a cell.
We estimate the specific radiative power of baryons in
a cell by using the equation
E = 4σT 4
∫ νmax
νmin
(κν/ρ)Bν(T, ν)dν∫ νmax
νmin
Bν(T, ν)dν
, (3)
in agreement with Lucy (1999) where Bν(T ) is the Planck
spectral radiance distribution given by
Bν(T, ν) =
2hν3
c2
1
ehν/kT − 1 . (4)
The quantity κν/ρ is the mass absorption coefficient formed
by dividing the absorption opacity by the density of the
medium. The other variables have their standard physical
definitions. The specific power E , determined in units of
erg s−1g−1, sets the emitted radiative power per unit mass.
We find that some lines and scenarios with high scatter-
ing opacities prove to be infeasible to model using a Monte
Carlo method so we rescale the scattering and absorption co-
efficients to produce a physically similar phenomenon with
fewer scatterings. We reason that as long as the quantity
L×κν is a constant where L is the path length of an individual
photon, the probability of absorption remains fixed. We also
reason that as long as a photon scatters at least once within
a cell, the final direction of the photon is indistinguishable
from a scenario where it scatters many times. Therefore, we
note that the dispersion of the radius of a three-dimensional
random walk is given by 〈R2〉 = Nλ2 where R is the radius
from the starting position, N is the number of scatterings,
and λ = 1/κs is the mean free path. The path length is simply
L = Nλ and the average number scatterings before crossing
a cell is N1 = R2κ2s,1. For a chosen maximum feasible number
of scatterings N2, we determine the corresponding scattering
coefficient to be
κs,2 =
√
N2
R
. (5)
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Figure 3. Number of Population III stars (green), number of X-
ray binaries (blue), fraction of X-ray binaries (black), and fraction
of high mass X-ray binaries (red) for a burst of star formation
assuming that 10%(top), 25%(middle), and 50%(bottom) of the
stars form initially in close binaries and accrete at the Eddington
limit. The persistence of an individual particle is largely a function
of sampling of the IMF, but the number and fraction of HMXBs
is related to the close binary fraction.
Likewise because we take the path length times the absorp-
tion coefficient to be constant
L1
L2
=
κν,2
κν,1
=
κs,1
κs,2
, (6)
and we determine the corresponding absorption coefficient
to be
κν,2 =
Rκs,1κν,1√
N2
. (7)
Therefore for a given cell width, an opacity distribution,
and a predetermined number of scatterings, we can recreate
a physically similar scenario to the true opacities in optically
thick regions. We choose N2 to be 1000 to ensure that scatter-
ings occur with an appropriately high resolution within a cell
and only apply this correction to situations where N1 > N2.
As an example, N2 = 1000 corresponds to photons with a
Lyman-α scattering cross-section of 10−16 cm2 in a 10 parsec
box and a hydrogen density of ∼ 1.7 × 10−26 g cm−3.
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Figure 4. Multi-color disk (MCD) and power law (PL) compo-
nents of a SED from a 40 M black hole accreting at the Edding-
ton Limit. Absorption at wavelengths above 200 Å attenuate the
power law considerably. A re-normalized z = 15.3 Fragos et al.
(2013a) intrinsic HMXB spectra is shown for comparison.
2.3 High Mass X-Ray Binaries
Armed with theoretical spectra of Population III stars and
a generalized emission line routine, we extend our investiga-
tion to the impact of high mass X-ray binaries.
2.3.1 Luminous X-Ray Binary Fraction Simulation
Self-consistent formation of binary metal-free stars are out-
side of the scope of the cosmological simulation so we at-
tempt to set reasonable bounds to parameters associated
with their population using a semi-analytical treatment. We
simulate the life cycle of a burst of Population III stars
with masses sampled from the Population III IMF (Equa-
tion 1), mass-dependent lifetimes from (Schaerer 2002), and
an IMF-dependent stellar endpoints (Heger et al. 2003) in-
cluding the possibility that no remnant is left in the case of a
pair-instability supernovae. To even out statistical noise, we
simulate a metal-free starburst of 36,050 systems assuming
scenarios where half, 25%, and 10% of systems are formed
as “close binaries.” That is, the stars are close enough that
should the shortest-lived member form a black hole or neu-
tron star at the end of its life, the longer-lived member will
accrete its mass onto the remnant and thus form an X-ray
binary. The number of systems comes from the integration of
a star formation rate that peaks in at one million years and
peters out exponentially over the next four million years.
We note that HMXB populations synthesis models in (Fra-
gos et al. 2013b) describe an inverse relationship between
metallicity and HMXB number as weaker stellar winds in
low-metallicity gas promotes the production of larger rem-
nants and less angular momentum loss in tight binary orbits,
which implies a higher fraction of HMXB than observed at
lower redshift.
We further assume Eddington (1926) mass accretion
rates for luminous compact objects and recalculate the life-
time and remnant type of stars as they lose mass. This as-
sumption places a lower bound on the duration of HMXBs
in the calculation. These scenarios are presented in Fig. 3
which shows that the persistence of X-ray binary systems is
largely a function of lucky sampling of the IMF. The max-
imum number of X-ray binaries in the 50% calculation is
∼ 6.5 times as many as in the 10% calculation in this ex-
ample, but this too is subject to the whims of random sam-
pling for any individual halo. For context, target galaxies
in the Chandra Deep Field South survey have been shown
to emit an X-ray luminosity (2-10 keV) from HMXBs of
∼ 3 × 1039 erg s−1 or about two continuous 40 M HMXB
per M yr−1 star formation rate (Lehmer et al. 2016) which
grows to ∼ 3× 1040 erg s−1 at z = 10 (Madau & Fragos 2017).
Our Population III bursts typically have 25 Myr averaged
star formation rates that peak at ∼ 0.01 M yr−1, which im-
plies that our average halo would have about one HMXB.
The halo with the highest peak star formation rate corre-
sponds to approximately 15 continuous HMXBs, but this is
exaggerated by the top-heavy IMF of metal-poor stars.
For this study, we are less interested in the precise global
fraction of HMXBs and more interested in whether they
plausibly exist and therefore warrant study as a possible
source for high energy photons in the SED of galaxies with
metal-free stars. From our rough calculation, we can con-
clude that the presence of HMXBs are possible in any halo
that once contained two or more metal-free stars from a few
million years after the initial burst until about 17 Myr. Since
our sample of halos focus on galaxies with mixed popula-
tions of metal-free and metal-enriched stars, we reason that
most of our galaxies are subject to the region of the pre-
dicted HMXB distribution corresponding to 4-17 Myr after
the starburst and indeed most halos have small populations
of lower-mass, longer living metal-free stars. For that sce-
nario, we convert as many as two of the Population III star
particles into HMXBs. If the maximum age of the metal-free
star particles in the halo is less than 2 Myr, we do not con-
vert any of them into HMXBs because those stellar systems
are too young to contain a compact object. We note that
HMXBs are possible in metal-enriched stellar populations,
but with lower frequency due to the propensity of metal-
enriched gas to fragment and form less massive stars and
fewer compact objects. We therefore do not include metal-
enriched HMXBs in our study.
2.3.2 X-Ray Binary Spectra
For simplicity and because of Pop III IMF uncertainty, we
assume a black hole mass equal to the simulation character-
istic mass of 40 M to calculate its spectrum. We assume a
radiative efficiency of 0.1 and that emission is equally dis-
tributed between a multi-color accretion disk and a power
law of the form E˙ ∝ E−1.7 in units of eV.
For the multi-color disk we use the temperature profile
from Ebisawa et al. (2003) given by
Teff =
[
3GMM˙
8piσTr3
(
1 −
√
rin
r
)
rin
r
]1/4
, (8)
where σT is the Thompson scattering cross section and the
innermost radius, rin, is set to six gravitational radii. We also
apply the correction Tcol = 1.7 Teff due to the Comptoniza-
tion of the disk and calculate color temperatures out to 5000
gravitational radii. A black body distribution is calculated
for each temperature and weighted by the factor 2pir∆r. The
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Figure 5. Plot of total metal-free stellar mass versus total halo
mass tinted by metal-free stellar fraction of the total stellar mass.
resulting distribution is finally normalized to half the Ed-
dington luminosity, which is given by
Ledd =
4piGMmpc
σT
, (9)
where mp is the mass of a proton. We also apply hydrogen
and helium absorption to the power law assuming primordial
abundances and distribute the other half of the black hole’s
luminosity to the absorbed result. For absorption, we assume
a neutral hydrogen column density of log[NHI/cm−2] = 20 due
to the accumulation of material in the vicinity of the accre-
tion disk as the star is quickly disrupted and consumed. The
assumption of sub-grid neutral hydrogen absorption does not
strongly affect the amount of ionizing radiation fed through
the medium in most halos due to the presence of strong flux
at those wavelengths from Population III stars. The result-
ing intrinsic spectra for a 40 M black hole is shown in Fig.
4 absent the spectra for the binary star. A Fragos et al.
(2013a) intrinsic HMXB spectra calculated from a consid-
ered stellar population synthesis model for metal-enriched
X-ray binaries is shown to have roughly similar features.
2.4 Spectral Energy Distribution Analysis
The filtering and imaging routines are effectively the same
as those discussed in Barrow et al. (2017). To summarize,
we calculate flux using JWST and HST filter throughputs
to integrate the processed SED after applying cosmological
corrections as a function of redshift. Images are created by
summing photons intersecting a distant plane using Hype-
rion and applying noise, Gaussian blur, and the telescope’s
resolution when processed through a telescope prescription.
For bolometric flux, the equations are
dL =
c(1 + z)
H0
∫ z
0
dz′√
ΩM,0(1 + z′)3 + ΩΛ,0
(10)
f (ν0) =
1
4pid2L
∫ ∞
0
Lν(νe)
νe
R(νe)dνe, (11)
where R(νe) is the redshift-transformed filter response as a
function of the emitted frequency and all other variables take
their standard definitions. We leave any further cosmologi-
cal and instrumental adjustments like aperture and surface
brightness to the reader.
3 RESULTS
There are 146 halos in the “rare peak” zoom-in region of the
Renaissance Simulations with active metal-free stellar pop-
ulations. As shown in Fig. 5, most of these halos are small
with a mean halo mass of only 3.40 × 107 M owing to the
tendency for these stars to form and die soon after a halo
first cools into molecular clouds early in its evolution. Un-
fortunately, small halos imply small clusters of metal-free
stars and low luminosity, therefore reducing the chance of
a direct observation by any telescopes planned for the near
future. However, sometimes mergers can mix stellar popula-
tions and generate scenarios where larger and brighter halos
are influenced by ionizing photons from Population III stars
and X-ray binaries, creating an opportunity to indirectly
observe these objects sooner. More rarely, a Population III
starburst may occur forming a relatively bright ”Population
III galaxy” (e.g. Johnson et al. 2009; Zackrisson 2012).
Our simulation shows an example of both scenarios so
we dedicate the first section of our discussion of our results
on those two specific halos as well as the machinery of our ra-
diative transfer pipeline. We then explore the emission lines
trends and spectra of the full sample before finally present-
ing our photometric results.
3.1 Stellar Population Merger Scenario
As described in Table 1, Halo A has a total mass of 1.30 ×
108 M, a metal-enriched stellar population of 5.47×105 M,
and two Population III stars totalling 6 M which we treat
as high-mass x-ray binaries. The halo is composed of a com-
pact, dense (> 10−23 g cm−3) clump (sub-halo A1) merging
with a larger, lower density clump (sub-halo A2) as shown
in the density weighted projections in the top row of Fig. 6.
Sub-halo A1 hosts cool, metal-enriched gas while the sub-
halo A2 is on average an order of magnitude hotter and
hosts both metal-enriched and metal-free gas. The hottest
gas (T > 3 × 104 K) is concentrated in the CGM and in a
supernova remnant to the right of the sub-halos as viewed
in the figure. Sub-halo A2 contains the metal-free stars and
by extension the HMXBs.
We integrate emission and scattering per unit volume
from dust and gas along the projection axis used to pro-
duce the density, temperature, and metallicity figures re-
sulting in plots of integrated specific luminosity in units of
erg s−1cm−2 which is proportional to but not equivalent to
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Figure 6. Top row: Integral of density-weighted mean density (left), density-weighted mean temperature (middle), and density-weighted
mean metallicity (right). Bottom row: Integrated total emission (left), scattering per unit area (middle), and integrated dust emission
(right). The location of HMXBs are shown as diamonds. Circles are metal-enriched stellar clusters. Star markers are metal-free stars.
Subhalos A1 and A2 are labelled in the top left plot for reference.
flux. Under the assumption of local thermodynamic equilib-
rium, the combination of dense, cool, and metal/dust-rich
gas in sub-halo A1 results in thermal emission on the order
of 10−8 to 10−7 erg s−1cm−2. The emission contribution from
dust peaks at ∼ 4 × 10−10 erg s−1cm−2 within a burst metal-
enriched stars in close proximity to the HMXBs. Though
this region has a lower metallicity than the peaks found in
A1 as well a lower density of dust, warmer temperatures
contribute to a higher overall dust emission.
To estimate scattering energy, we calculate the mean
absorption-weighted albedo using the intrinsic stellar spec-
tra and the density fraction of the constituents in the rela-
tionship
〈α〉x =
∫
κν,xIναxdν∫
κν,xIνdν
(12)
(13)
〈E 〉scattering ≈ fgas+metalsEgas+metals 〈α〉gas+metals1 − 〈α〉gas+metals
+ fdustEdust
〈α〉dust
1 − 〈α〉dust ,
where Iν is the incident frequency-dependent flux. We find
that the scattering in sub-halo A1 is limited to less than
10−9 erg s−1cm−2 while scattering in sub-halo A2 is of the or-
der of 10−9 to 10−7 erg s−1cm−2. Taken together, this implies
that the reprocessing of the intrinsic spectra in A1 is absorp-
tion and emission-dominated while the reprocessing of the
high mass X-ray binaries in A2 is a roughly equally-weighted
combination of gas emission, absorption, and scattering.
As shown in Fig. 7 (top left and bottom left) there are
few differences between the intrinsic spectra and the spectra
with local emission lines since the regions used to calculate
those lines are compact. However, the impact of extinction of
the spectra through the rest of the ISM is very pronounced.
High-energy photons from the HMXB are reprocessed into
emission lines by the metal-enriched gas while hydrogen-
ionizing radiation is absorbed and reprocessed into IR pho-
tons. Lyman-Werner absorption is also pronounced except
at Lyα where a high equivalent-width line forms from exci-
tations in neutral hydrogen within sub-halo A1. Thus, the
spectra of Halo A demonstrates the signature of a cool metal-
rich halo merging with a warm metal-free halo.
The components contributing to the reddening of the
spectra is further demonstrated when we segregate the emis-
sion from gas and plot it against density and mean emission
MNRAS 000, 1–19 (2017)
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Figure 7. Top row: The spectra of Halo A shown before the application of lines (dashed) with lines from gas in close proximity to the
star (thick line) and after extinction (thin line). Here the dashed and think lines appear as nearly identical in the chosen scale. The plot
on the top right shows the mean emission wavelength and power of the gas as a function of gas density. Bottom row: Left-hand plot
shows the ratio of emission to the nearest wavelength in the intrinsic spectrum. Some noise is present due to the relative coarseness of the
intrinsic spectrum. The plot on the bottom right is the mean difference between the mean emission wavelength and the mean absorption
wavelength for the combination of both gas and dust.
wavelength (Fig. 7 top right). The hottest gas (> 107 K)
forms an artificial ridge at ∼ 5.3 Å at the limit of our calcu-
lation of the emission profile (Fig. 1) and a second ridge at
1.14× 103 Å at our minimum temperature of 316 K Between
these two bounds we see that the lowest-density gas tends to
be hotter and therefore more luminous per unit mass as we
would expect. These bins correspond to the large number
of emission lines seen at the high energy end of the post-
extinction spectra. However most of the emission is coming
from the cooler, medium density gas in A1. As mentioned,
dust emission is weak, but present throughout the various
density and temperature environments in the halo and there-
fore we see dust contributing to the spectra over the entire
range of wavelengths simulated. The reddening plot (Fig. 7
bottom right) shows the relative change in wavelength be-
tween absorption and emission. Like the scattering plot (Fig.
6, bottom center), absorption wavelength is an absorption
weighted mean using the intrinsic spectrum. Therefore the
mean change is
〈ν〉absorption,x =
∫
κν,xIννdν∫
κν,xIνdν
, (14)
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Figure 8. A compact Population III stellar cluster plotted in the same manner as Fig. 6. The location of HMXBs are shown as red
circles while individual Population III stars are shown in white. Cyan circles are metal-enriched stellar clusters.
〈ν〉emission,x =
∫
jν,xνdν∫
jν,xdν
, (15)
∆λ ≈ fgas+metalsEgas+metals(〈λ〉emission,gas+metals − 〈λ〉absorption,gas+metals)
+ fdustEdust(〈λ〉emission,dust − 〈λ〉absorption,dust).
(16)
The relative change, ∆λ/〈λ〉absorption, shows three distinct
phenomena. At the low density end, we see that the hot
gas has the propensity to either increase or decrease the
wavelength of the spectra for mean absorption wavelengths
∼ 600 Å. For moderate densities, all the gas contributes to
the reddening of the spectra, and at high densities the con-
tribution from high-density pockets of cool gas is seen to
cause low-power reddening. Since the analysis of emission
and absorption are drawn analytically from bulk character-
istics, they do not paint a complete picture of reprocessing
of the spectra. The impact of scattering and iterative energy
balance in the Monte Carlo calculation as well as the precise
three-dimensional distribution of gas, metals, and dust ac-
counts for the difference between the intuition gained in the
phase and projection plots and the fully simulated result in
Fig. 7 (top left). However, we predict the signature of the
merger scenario to be markers of very high and relatively
low energy gas and metals within the same halo.
3.2 Population III Galaxy Scenario
Halo B has a total mass of 2.30× 107 M, 9144 M of metal-
enriched stars with an intrinsic bolometric luminosity of
4.38 × 106 L. There are an additional 30 Population III
stars totalling 712 M. Once again, we convert two of those
stars into HMXBs with a 40 M compact object accreting
at the Eddington rate. Combined, the HMXBs and Popu-
lation III stars have an intrinsic bolometric luminosity of
4.79 × 106 L of which the HMXBs contribute 2.72 × 106 L
mostly in soft and hard X-rays. Thus the intrinsic spectra
is dominated by HMXBs in the X-ray, metal-free stars in
the hydrogen-ionizing UV band, and metal enriched stars at
higher wavelengths.
As shown in Fig. 8, allof the metal-free stars reside in
the sole clump in a region of high density (> 10−22g cm−3)
gas, high metallicity, and relatively low temperature gas
(< 104 K). The range of temperatures are particularly re-
markable because they imply that this cluster of Population
III stars, the second largest in the entire simulation, has yet
to undergo significant heating from ionizing radiation and
a disruptive supernova. The cool gas results in absorption-
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Figure 9. Halo B plotted in the same manner as Fig. 7.
dominated spectra reprocessing and low emittive power ren-
ders dust essentially irrelevant for our radiative transfer rou-
tines in this halo. The metal-enriched stars are embedded
within the cluster of metal-free stars and have a mean age
of only 3.5 × 105 yr and a mean metallicity of 0.17 Z after
quickly being triggered by the death of a Population III star
in the cool medium.
The simple structure of Halo B results in two distinct
signatures in the spectra as seen in Fig. 9 (top left and
bottom left). While Halo A reprocessed emission from the
HMXB into emission lines at roughly the same wavelength,
we see that Halo B absorbs those photons and re-emits them
as hydrogen-ionizing radiation. Also unlike Halo A, ionizing
radiation is a strong component of both the intrinsic and re-
processed spectra and stronger than in the intrinsic spectra
( fesc > 1). Fig. 9 (top right) confirms that all of the emission
is confined to the UV. The estimated mean change in wave-
length due to absorption and re-emission (bottom right) is
reddening by as much as factor of 7 ∆λ/λ.
Of the emission lines, Lyα is again the most prominent
UV emission line feature and about the same luminosity as
the Lyα emission in Halo A despite having a lower bolomet-
ric luminosity by about an order of magnitude. This implies
that Lyα alone cannot be used to distinguish between these
two scenarios, but in the presence of H-α and the Ca II
λλλ8498, 8542, 8662 triplet in the final spectra result from
the cooler gas in Halo B.
3.3 Emission Lines
Since emission lines are generated as part of a Monte Carlo
calculation, no a priori knowledge of the continuum emission
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Figure 10. Left: Four most common emission lines amongst halos in our simulation with active Population III stars (left bar) and only
metal-enriched stars (right bar). Right: Emission versus gas temperature normalized by the maximum emission of each line calculated
for a fixed density and metallicity of 10−25 g cm−3 and 0.1 Z respectively. C IV refers to the λλ1548, 1551 UV doublet and Ca II refers to
the λλλ8498, 8542, 8662 IR triplet.
can be used to identify the lines or calculate their equivalent
widths. Therefore we subject the SEDs to a series of tests to
determine the presence, source, and peak wavelengths of the
lines based on the first and second derivatives of the contin-
uum. This includes a check that eliminates line candidates
with equivalent widths below 0.75 A˚ unless the peak is two
or more times the continuum, which has the effect of remov-
ing weak, but present features from our study so our counts
should be interpreted as lower bounds. We also restrict our
line catalogues to rest wavelengths greater than the Lyman
limit.
The most common emission lines in order of their fre-
quency within our sample are the Lyα λ 1216 line, the C
IV λλ1548, 1551 doublet lines, the Balmer α (H-α) line, and
the Ca II λλλ8498, 8542, 8662 triplet lines which appear in
the spectra of 90%, 51%, 26%, and 22% of the 146 halos re-
spectively. To construct a control group, we found the clos-
est match between the intrinsic JWST NIRCam F277 wide-
band filter of a half-sample of halos with metal-free stars
to the intrinsic flux of 73 halos without metal-free stars or
HMXBs within the “rare-peak” simulation at the same red-
shift. Within that group, Lyα was detectable in 90%, the
C IV λλ1548, 1551 doublet in 41%, H-α in 7%, and Ca II
λλλ8498, 8542, 8662 in 27%, as shown in Fig. 10 (left). This
implies that H-α is significantly more rare or weak in the
spectra of our control group than in our sample of halos
with metal-free stars and HMXBs.
3.3.1 Lyman-α
Substantial Lyα emission is prominent in gas with tempera-
tures between 104 and 105 K. Because these temperatures are
associated with warm H II regions and Population III stars
that are generally short-lived and embedded in their birth
clouds, higher Lyα emission is a feature in most of our SEDs.
Unlike the other common emission lines, we see fairly con-
sistent Lyα luminosity between 1036 and 1038 erg s−1 in halos
with high and low fractions of Population III stars as well
as high and low masses of metal-enriched stars (Fig. 11, top
left). Consequently, there is a mostly well-correlated inverse
relationship between equivalent width and both total stellar
mass as well as Population III fraction (Fig. 12, top left).
As shown in Barrow et al. (2017), the mass-weighted mean
age of metal-enriched stars in halos with total stellar masses
between 105 and 106 M begin to settle into a narrow range
as the H II regions around stars no longer encompass the
entire halo. This allows star formation to transition from a
series of bursts to a pattern of continuous formation. While
emission continues from star-forming regions, the average
stellar cluster is older and divorced from its birth molecu-
lar cloud and thus Lyα emission does not scale with stellar
mass. Secondarily, the extinction cross section of Lyα pho-
tons in neutral hydrogen is high, implying that scattering
through dense gas may attenuate emission along any line of
sight.
While our prior treatment shows that the inverse rela-
tionship between intrinsic Lyα equivalent width (EW) and
total stellar mass is generally extensible to metal-enriched
stellar populations in similar environments, below 104 M,
the pattern is exclusive to starbursts as several halos have
had their star formation extinguished and have low intrin-
sic Lyα EW. For our sample, high metal-free stellar mass to
total stellar mass fractions consistently exhibit the highest
Lyα EWs (> 5 A˚) in our sample after extinction.
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Figure 11. Top row: Total luminosity of Lyα (left) and H-α (right) tinted by the ratio of the mass of Population III stars to the total
stellar mass. Bottom row: C IV doublet (left) and Ca II triplet (right) luminosities tinted by mean stellar age, inclusive of both metal-free
and metal-enriched stars. C IV is a product of an hot plasma and a high ionizing flux. Ca II lines have been examined in the broad line
regions of AGN and in stellar atmospheres.
3.3.2 C IV λλ1548, 1551
C IV UV emission lines are an intrinsic feature of active
galactic nuclei (AGN; see review by Ve´ron-Cetty & Ve´ron
2000). Their inclusion in our results demonstrate the con-
sideration of line transfer from high-energy interactions to
lower-energy photons in our calculations. Due to the ioniza-
tion energies of carbon, C IV λλ1548, 1551 emission requires
temperatures between 105 and 106 K. In this temperature
range, absorption cross sections are highest for X-rays in
metal-enriched gas, so the presence of high-energy sources
like HMXBs directly impacts the prominence of this line.
The occurrence of the C IV UV emission lines in approxi-
mately half of the halos in our sample is therefore partially
a product of our decision to affix a HMXB to almost all of
our halos.
In environments with low-metallicity ISMs and CGMs
like those we see in our sample, X-ray escape fractions are
generally high so despite a fixed number of HMXBs, the
doublet’s luminosity grows proportionally to the mass of
the halo as seen in Fig. 11 (bottom left). The doublet is also
mostly confined to halos with very young stellar populations
(< 24 Myr) as these halos are more likely to have hot gas
heated either by supernovae or photo-heating from young
stars. This is in contrast with Lyα emission which also im-
plied young stellar populations but required the persistence
of colder star-forming gas.
C IV UV doublet equivalent widths were consistently
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Figure 12. Same as Fig. 11 but showing equivalent width rather than luminosity. Lyα equivalent width shows a negative log-log
relationship with increasing stellar mass as a product of a nearly flat luminosity-mass relationship.
between about 0.8 and 1.7 A˚ as their strength is closely tied
to absorption of the incident spectra which, in conjunction
with the availability of metal-enriched gas, caps their equiv-
alent widths.
3.3.3 H-α
The Balmer series in ionized hydrogen forms from a recombi-
nation cascade in diffuse medium. This is tempered by colli-
sional excitations in warm gas where the density and energy
of particles or photons are high enough to ensure continuous
re-ionization. Balmer-series emission is more susceptible to
this effect than Lyα due to the lower energy of their transi-
tions. Thus the relative luminosity of these lines both peak
and drop off at lower temperatures.
H-α luminosity scales with stellar mass and the fraction
of Population III stars in our sample. As shown in Fig. 10,
H-α emission implies gas temperatures below 5 × 104 K and
by extension the coolest star-forming halos and molecular
clouds. However unlike Lyα emission, H-α emission has a
higher escape fraction in neutral hydrogen and is therefore
less susceptible to attenuation in dense gas. As shown in
Fig. 12 (top-right), H-α EW also scales weakly with stellar
mass and is the only one of the prominent emission lines to
do so in agreement with observations of Hα-derived specific
star formation rates of higher mass galaxies at z ∼ 2 by Erb
et al. (2006). Higher fractions of metal-free stars are roughly
inversely related to H-α EW which is a function of both the
overall tendency for Population III stars to be a smaller
fraction of the stellar mass in larger halos and heating from
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metal-free stars. With JWST , H-α emission for objects at
z = 15 should appear in the MIRI F1000W band. We note
that IR Paschen-α transitions at 18750 A˚ were also present
in 33 halos due to the recombination cascade.
3.3.4 Ca II λλλ8498, 8542, 8662
The ionization potential of Ca+ is ∼ 11.9 eV, making it sus-
ceptible to ionization by strong Lyα (10.19 eV) due to the
presence of a meta-stable energy state of 1.7 eV Ca+ that
provides the difference (Joly 1989). Thus the Ca II NIR
triplet emission neatly overlaps the thermal trends of Lyα
and is only weakly related to temperature in its absence.
Therefore, like Lyα, Ca II NIR triplet emission is tied to
AGN (Ferland & Persson 1989) and bursts of star-formation
in metal-enriched gas (Garcia Vargas et al. 1993). However,
as shown in Fig. 9, gas metal-enrichment within large Popu-
lation III stellar clusters is sufficient to generate this line
so its presence does not automatically indicate a metal-
enriched stellar population. We observe a well-correlated
power law relationship between the emission of this triplet
and the luminosity of the halo and no discernible relation-
ship in equivalent widths. These trends imply that halos are
mostly transparent to Ca II emission and the precise ar-
rangement of the gas, dust, and metals are less important
than the incident flux and the temperature of metal-enriched
gas. With JWST , Ca II emission for objects at z = 15 should
appear in the MIRI F1280W and F1500W bands.
3.4 Aggregate Spectrographic and Photometric
Results
We produce JWST colours by applying a filter throughput to
our SEDs after accounting for the effects of redshifting. For
our sample, we find that the intrinsic SED of our stars and
HMXBs are poor predictors of the final colours produced by
our radiative transfer calculations. As shown in Fig. 13 (top
left), halos with final J200w − J277w and J150w − J277w colours
around 0.45 and 0.25 respectively are likely to have changed
little or reddened slightly after our calculations. Conversely,
many halos with intrinsic colours in this range have their
colours change drastically after processing. Shifts to a bluer
colour implies reddening from higher energy photons from
metal-free stars into the UV range of the filter and were
mostly absent from the analysis of metal-enriched popula-
tions in the antecedent work. Drastic changes in J150w − J277w
occur because the J150w filter straddles the Lyman limit at
z = 15 so the colour is extremely sensitive to the production
and escape fraction of ionizing radiation. The prominent Lyα
lines at ∼ 19,450 A˚(observer) are captured by JWST NIR-
Cam’s J200w filter with the caveat that they are likely to be
subject to extinction in the IGM not captured by our anal-
ysis. We expect this extinction to be particularly prominent
early during the Epoch of Reionization and will seek to cap-
ture this effect in future studies. Here, the strength of this
line increased J200w − J277w colours in many low stellar mass
halos, sometimes dramatically.
Fig. 13 (bottom left) shows a composite of all the final
SEDs in our sample normalized to emission at 1500 A˚(rest).
In addition to the oft-mentioned Lyα line, we see several
lines in the Lyman continuum. We did not explore these
features because we expect neutral hydrogen to drastically
attenuate ionizing emission in the IGM, but we note that
several strong He I and He II emission lines are present in
the ISM and CGM of most of the halos in our sample. In
general, the fraction of ionizing radiation varied drastically
between our halos due to the wide range of Population III
stellar mass fractions. At the extremes, ionizing radiation
was completely attenuated in some cases and represented
the peak emitted energy in others. In the UV, results were
more consistent as halos fell into the narrow range of 0.3 to
0.8 J200w − J277w demonstrated in the colour-colour plot with
a few a outliers.
The control group of 73 halos with similar intrinsic J277w
flux, but composed of metal-enriched stars and no HMXBs
are plotted in the right-hand panels of Fig. 13. Colours show
fewer outliers are generally more red in both colors. The
aggregate spectra show more prominent emission lines from
metals in the Lyman continuum and a shallower UV, visual,
and infrared slope.
We explore photometry for the halos examined in Sec-
tion 3.1 and 3.2 as well as two more merger scenarios (Halos
C and D). The composition and JWST fluxes for all four
halos are shown in Table 1. For our analysis, we take back-
ground noise to be Gaussian with a mean and standard de-
viation given by
〈N〉 = 5 × 10
−8Jy√
texposure
, (17)
which approximates the sensitivity of JWST ’s NIRCam. We
choose the lower band of the pixel colormap to be the max-
imum of our mean noise value and one standard deviation
below the mean pixel flux which produces tinting of the low
flux pixels in our processed images. We take the signal to
noise ratio to be the brightest pixel divided by 2〈N〉.
Each halo is brighter than the noise through JWST
at z = 15 assuming a 1 Ms exposure time and a factor of
10 magnification using gravitational lensing. Generally how-
ever, galaxies of this kind are not resolved by JWST and
extend over only 1-2 pixels. The stellar population merger
scenario (Halo A) occupies four pixels and appears as two
distinct sub-halos of two pixels each. The Population III
galaxy scenario (Halo B) illuminates a single pixel and pro-
duces a stronger flux in the J200w filter than the J277w filter,
but we do not expect it to be directly observable with JWST
at this redshift without an extensive exposure time. Halo C
however also features a high fraction of Population III stars
and should be barely observable with a S/N of 3 in our ex-
ample. Halo D would be the brightest of the four, but only
contains a single Population III star amidst a much more
luminous metal-enriched stellar population.
4 DISCUSSION
To facilitate our study of the spectrographic impact of Pop-
ulation III stars and HMXBs, we have contributed a few
methodological improvements to radiative transfer post-
processing of cosmological simulations. At the core of our
calculations is the dust radiative transfer code Hyperion
which we extend to gas and emission lines by creating two
dimensional arrays of extinction and emission prescriptions
MNRAS 000, 1–19 (2017)
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Figure 13. The right-hand panels show a control sample of galaxies without metal-free stars or HMXB, but with the similar intrinsic
J277w fluxes to our sample of galaxies with both (left-hand). Top: JWST colour-colour plot of the sample of halos with at least 1 M
Population III stars tinted by their total stellar masses at a redshift of z = 15. Open circles and lines show changes from the intrinsic
stellar and HMXB spectra. Bottom: Mean final spectral energy distribution (ν fν vs A˚) of the sample shaded by one standard deviation
above and below the mean and normalized by the values at 1500A˚.
Table 1. Individual halo properties.
Halo log Mtot log M?,ME log M?,MF log J277w S/Nmax log J200w S/Nmax
[M] [M] [M] [erg s−1cm−2] [erg s−1cm−2]
A 8.47 5.74 0.78 −20.22 3.92 −20.16 5.08
B 7.69 3.96 2.85 −21.46 1.03 −21.22 1.02
C 8.65 5.49 2.42 −21.34 2.71 −21.09 2.91
D 8.56 5.63 0.48 −20.04 7.59 −19.87 9.25
Notes: The columns show halo mass, metal-enriched stellar mass, metal-free stellar mass, and JWST J200w and J277w filter fluxes at
z = 15. Signal to noise ratios are for the brightest pixels shown in Fig. 14 with a 1 Ms exposure time and µ = 10.
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Figure 14. Left to right: Mean density, rest frame optical RGB composite, monochromatic image corresponding to the J277w image, J277w
image, and J200w image for halo A, B, C, and D with a magnification factor of 10 and a 1 Ms exposure time. Markers in the density plots
are circles, stars, and diamonds for metal-enriched stellar clusters, metal-free stars, and HMXBs respectively.
with Cloudy. With irony, we note that our relatively sim-
ple treatment of dust leaves the most to be desired and im-
provements to our dust models will be part of the focus of
future investigations. However, galaxy dust ratios at high
redshift have been shown to vary greatly with the assumed
grain accretion timescales (Mancini et al. 2015) which itself
varies sensitively with ISM density (Schneider et al. 2016)
and composition, making dust difficult to constrain.
We also briefly explore the prevalence of high mass X-
ray binaries in Section 2.3. Since the impetus for those cal-
culations was a desire to physically motivate their inclusion
in our study, we were less concerned with the implications
of their global fraction on the cosmological environment,
but that subject certainly deserves some consideration. The
multi-color accretion disk model implies an inverse relation-
ship between black hole mass and peak temperature. This
suggests that larger black holes emit more of their radiation
as hydrogen-ionizing photons than smaller ones, which emit
most of their energy at wavelengths too small to interact
with gas in the ISM and CGM, but contribute to slow heat-
ing of the IGM for photons in the 500 eV to 1 keV energy
range (Xu et al. 2014). This may have considerable impli-
cations for reionization, star formation, and estimates for
escape fractions if luminous high mass compact objects are
determined to be fairly prevalent. Furthermore, X-ray emis-
sion from binaries have been shown to strongly contribute
to the cosmic X-ray background (Xu et al. 2016b).
Generally, metal-free stars at high-redshift remain elu-
sive to direct detection with their supernovae as the best
chance of detection (e.g. Whalen et al. 2013). Galaxies where
Population III starbursts comprise most or all the stellar
mass like Halo B were too small and dim to be observed
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with JWST even with generous exposure times and gravi-
tational lensing. In scenarios with a merger between a halo
with a metal-enriched stellar population and a metal-free
stellar population, the metal enriched population provides
enough of a boost to the luminosity to make the halo dis-
cernible, but dense gas in deeper potential wells limits the
permeability of ionizing and UV radiation. In this case, it
may be possible to estimate the temperature profile from the
UV slope and deduce the presence of a hot, ionizing source
like a HMXB or a metal-free stellar cluster. However, the
best and rarest scenario for observation was a merger be-
tween two galaxies with metal-free stars (Halo C), but there
was only one such configuration in our simulation comoving
box size of 133.6 Mpc3. Therefore, we predict that direct ob-
servation is possible at this redshift, but fairly improbable
with the current generation of hardware.
In their analysis of the void region of the Renaissance
Simulations, Xu et al. (2016a) discover Population III star
formation in the terminating redshift of z = 7.6 in halos that
were generally larger than those hosting these stars in the
rare peak volume. Late formation is enabled by strong LW
flux from metal-enriched stars suppressing formation in the
surrounding pristine gas and may continue to even lower
redshift. Their sample includes rather large Population III
starbursts with one in excess of 103 M. There are twelve
halos with active Population III stellar populations at the
terminating redshift of the void simulation in a comoving
volume of 220.5 Mpc3. Given their luminosity and redshift,
some of these would likely be detectable with JWST .
Our use of averaged metal-free IMF prescriptions likely
has little impact on observables like colour or imaging. By
maintaining the size of the ionized region and temperatures
from our simulation, the effect of this discrepancy is mostly
minimized to calculation of the absorbed radiative energy
within the Monte Carlo step. However since observation re-
quires either a large number of metal-free stars or a metal-
enriched population, the impact of small changes in the in-
cident spectra of individual stars is vanishingly small, espe-
cially when compared to contributions from the other fac-
tors like the impact of morphology and viewing angle when
observing irregular galaxies. For a detailed study of astro-
physical radiative transfer phenomena on the other hand, a
more robust spectral routine would be desirable.
For objects at high redshift, emission line diagnostics
serve as more of a long term prediction and a theoretical
exploration with the notable exception of the Lyα line, which
sits near the center of the J200w filter at z = 15 and is luminous
enough to impact color. This is tempered by the tendency
for this line to become lost against the continuum in brighter
galaxies as starbursts comprise of a smaller fraction of the
emission.
For HMXBs, the C IV UV doublet is a constant com-
panion, growing in strength proportionally to the overall lu-
minosity of the halo due to our decision to include them
in most of our sample. Since HMXBs can form in metal-
enriched populations, diagnostics of this emission line are
somewhat extensible to observation of these objects in the
local Universe. However, both C IV and the Ca II IR triplet
are already a well-established feature of the broad-line re-
gions of nearby accreting compact objects. We find them in
our control sample of metal-enriched halos as well which un-
dermines the premise that they are unique to the presence
HMXB. We will therefore wait until we perform simulations
to lower redshift before we attempt to glean more about the
emission-line diagnostics of present-day HMXBs. We also
note that our use of solar chemical abundances may signifi-
cantly underestimate the prevalence of C IV if gas in early
galaxies are carbon-enhanced due to the lack of Type Ia
supernovae. H-α emission was much more prevalent in our
sample of halos with metal-free stars and more luminous in
galaxies with a higher fraction of these stars. Though emis-
sion is relatively weak compared to the other lines, it may
serve as a potential fingerprint for this class of halos.
5 CONCLUSION
We introduce a new radiative transfer post-processing
pipeline, Caius, for enzo cosmological simulations which we
apply to explore the observability of metal-free stellar pop-
ulations and high mass X-ray binaries. Our main findings
are:
(i) High mass X-ray binaries would peak at about 20%
of the stellar systems within a Population III starburst if
it is generously assumed that half the stars form as close
binaries.
(ii) About six halos in our sample would be discernible
with JWST with long exposure times (1-10 Ms) and gravi-
tational lensing (µ = 10).
(iii) Galaxies with high fractions of metal-free stars tend
to have low luminosity at high redshift. Therefore the best
scenario for direct observation of a metal-free stellar popu-
lation might be a merger between two such galaxies though
that configuration is rare in our simulations.
(iv) The youth of metal-free stars implies strong Lyα
emission. Lyα EW are inversely proportional to the total
stellar mass of the halo. Through filters, high EW appear
as an increase in J200w − J277w as compared to their intrinsic
values from the underlying stellar spectra.
(v) The inclusion of Population III stars and HMXBs sig-
nificantly increased the prevalence of H-α emission versus
the control group and H-α further scaled with the fraction
of stellar mass that comes from Population III stars.
(vi) Strong Lyα emission gives rise to the Ca II IR triplet,
which suffers less extinction than Lyα while indicating the
same physical scenario.
(vii) Our sample of galaxies with Population III stars and
HMXB were generally bluer than the control sample.
We have shown the impact of ISM and CGM extinction
of the gas and dust continuum as well as emission lines on
galaxies with high-energy sources in the early Universe. Our
prescription treats extinction and photochemistry in both
optically thin and optically thick media. With our pipeline,
we are able to produce synthetic photometry and further
process those results into instrument-relevant data. We will
continue to improve our post-processing models as we ex-
plore more cosmological scenarios.
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